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Mutations of the prion protein (PrP) gene are present in patients with Gerstmann—Striussler—
Scheinker syndrome (GSS), familial Creutzfeldt—Jakob disease (C)JD), and fatal familial insomnia
(FFI). We developed a denaturing gradient gel electrophoresis (DGGE) strategy that readily identifies
point mutations in the PtP coding sequence. By comparison with appropriate controls, haplotypes often
may be deduced. This method permits samples from many patients with GSS, CJD, as well as patients
with unusual degenerative neurologic disorders, to be screened rapidly, sensitively, and inexpensively
for the presence of known and novel PrP mutations. We illustrate the sensitivity of this approach by

reporting 2 novel polymorphisms in the PrP coding sequence.
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INTRODUCTION
Creutzfeldt—Jakob disease (C]JD) and Gerst-

mann-Striussler—Scheinker syndrome (GSS) are
etiologically related but phenotypically dissimilar
neurologic disorders. GSS is characterized by
slowly progressive ataxia, parkinsonism, and de-
mentia beginning in the third through seventh de-
cades and progresses to death over 2 to 10 years
(Gerstmann et al., 1936; Masters et al., 1981).
CJD is characterized by rapidly progressive demen-
tia later associated with a variety of other neuro-
logic signs including jerking of the extremities
(myoclonus), muscle twitching (fasciculations),
spasticity, and blindness (Kirschbaum, 1968; Roos
et al., 1973; Brown and Gajdusek, 1991) Neuro-
pathologic features of these conditions include loss
and degeneration of neurons, gliosis, spongiform
appearance of gray matter, and variable deposition
of extracellular amyloid (Beck and Daniel, 1987).
These amyloid deposits contain large amounts of
prion protein (PrP) encoded by the PrP gene on
chromosome 20 (Kitamoto et al., 1986; Sparkes et
al., 1986). GSS is uniformly transmitted through
autosomal dominant inheritance (Masters et al.,
1981; Hsiao and Prusiner, 1990). In contrast, the
majority of CJD patients have a sporadic condition
with only 5 to 15% of CJD patients acquiring the
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disorder through autosomal dominant inheritance
(Brown et al., 1987; Masters et al., 1979). latro-
genic CJD is transmissible through organ trans-
plants and pharmaceutical preparations containing
material derived from C]D or GSS patients (Duffy
et al., 1974; Tinter et al., 1986). There is com-
pelling evidence that the transmissible agent or
prion is composed largely, if not entirely, of an
abnormal form of PrP designated PrP*¢ (Prusiner,
1982, 1987).

PrP coding sequence mutations are present in
GSS patients and familial CJD patients (Fig. 1A)
(Owen et al., 1989, 1992; Hsiao et al., 1989;
Doh-ura et al., 1989; Fink et al., 1991; Nieto et
al., 1991; Dhouhy et al., 1992; Hsiao et al., 1992;
Goldgaber et al., 1989). These mutations are as-
sociated specifically with these disorders and the
rare condition, fatal familial insomnia (FFI)
(Lugaresi et al., 1991; Medori et al., 1991). When
tested, these mutations have shown genetic link-
age with these disorders (Hsiao et al., 1989;
Dhouhy et al., 1992; Speer et al., 1991; Petersen
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FIGURE 1. (A) The locations of known point mutations of the
PrP coding sequence are shown: coding sequence (BP 50—
808), open box; noncoding sequence (BP 1-49), hatched
box. (B) Amplification fragments used for DGGE analysis.

et al., 1992). PrP mutation at codon 102" was
shown to be directly pathogenic when its expres-
sion produced an inherited neurodegenerative dis-
order in transgenic mice (Hsiao et al., 1990).

In general, PrP mutations associated with the
syndrome of familial CJD are different from those
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Nucleotide No.

PCR primers and reaction conditions are given in Table 1.
(C) Melt87 analysis of PrP amplification fragments A (—.)
and B (——).

associated with GSS (Goldfarb et al., 1990). Point
mutations in PrP codons 1025, 117V 1985,
and 217%™ are associated with GSS. An additional
point mutation at codon 105" was recently iden-
tified in GSS patients with spastic paraparesis (Ki-
tamoto et al., 1993). PrP mutations associated
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with familial CJD include insertions of varying
numbers of a 24-base pair repeat (144 nucleotides,
for example) (Owen et al., 1989, 1992) between
codons 51 and 92 and point mutations in codons
178*" and 200™*. In addition to these disease-
specific mutations, benign PrP polymorphisms
have been found in normal subjects, including
point mutations in codons 124 (Hsiao et al., 1992)
and 117 and a 24-base pair deletion (Vnencak-
Jones et al., 1992; Laplanche et al., 1990).

The polymorphism at PrP codon 129 may be
clinically significant. The greatly increased fre-
quency of homozygosity at codon 129 among spo-
radic CJD patients (approximately 90%) compared
to normal subjects (63%) raises the possibility that
this codon may contribute to the development of
developing sporadic CJD (Palmer et al., 1991).
Furthermore, the codon 129 genotype may affect
the age of onset of familial C]D or GSS patients
(Baker et al., 1991; Dhouhy et al., 1992) or
whether patients exhibit the CJD phenotype or FFl
phenotype (Goldfarb et al., 1992).

Observations of PrP mutations in GSS patients
with absent or atypical (Collinge et al., 1990;
Dhouhy et al., 1992; Hsiao et al., 1992) neuro-
pathologic findings have raised the possibility that
PrP-related disorders may be underrecognized. It is
possible that some patients with inherited, degen-
erative neurologic syndromes of undetermined eti-
ology have PrP mutations. Comprehensive evalu-
ation of the PrP gene in these patients requires
more than simply screening for the presence of
known PrP mutations. Previously, one of us (J.F.)
used denaturing gradient gel electrophoresis
(DGGE) (Fischer and Lerman, 1983) and allele-
specific DNA sequencing to identify a novel PrP
mutation (Fink et al., 1991) in a familial CJD
patient. This approach has been extended to allow
mutations in other regions of the PrP coding
sequence to be detected. We show that this tech-
nique readily identifies known PrP point muta-
tions. In addition, this method facilitates detec-
tion of novel PrP mutations in samples from many
patients. We illustrate the sensitivity of this ap-
proach by reporting two novel polymorphisms of
the PrP coding sequence.

MATERIALS AND METHODS
Patients and DNA Samples

Genomic DNA samples were obtained from
CJD and GSS patients for whom PrP mutations
had been identified by restriction enzyme and
DNA sequence analysis. The exceptions were the
normal subject for whom the codon 129¥7/129V*!

codon 129Me™et and codon 129M<¥V*! genotypes

were demonstrated by Nspl restriction enzyme
analysis (data not shown).

Computer Analysis

The MELT87 computer program (generously
provided by L. Lerman, Massachusetts Institute of
Technology) was used to design overlapping am-
plification fragments in which regions of the PrP
coding sequence known to have point mutations
(nucleotides 353 to 698) would occur in the “low-
est melting domain.”

PrP Amplification

The PrP coding sequence was amplified as over-
lapping fragments (Fig. 1B) from genomic DNA
extracted from leukocytes. The only exceptions
were DNA samples containing codon 1174% and
117V for which the PrP alleles cloned into bac-
terial plasmids served as the PCR template. PCR
primers and amplification parameters are given in
Table 1. Nucleotide positions are numbered ac-
cording to Kretzschmar et al. (1986).

Denaturing Gradient Gel Electrophoresis

Following amplification, PrP fragments were de-
natured by heating to 95°C for 10 min. Reanneal-
ing was carried out at 80°C for 2.5 min followed by
42°C for 5 min. 5 ml of loading buffer (40% glyc-
erol, 0.1% bromphenol blue) were added to the 50
ml PCR product. Aliquots (20-25 wl) of this mix-
ture were electrophoresed on denaturing gradient
polyacrylamide gels as specified in Table 1. Mutant
and normal PrP amplified from plasmid templates
were mixed (1:1) prior to denaturation and rean-
nealing in order to mimic the situation of ampli-
fying genomic DNA from a patient who was het-
erozygous at codon 117V3/1174%,

Restriction Enzyme Analysis

For samples containing novel DGGE polymor-
phisms, a portion of the prion gene (bp 361
through 607) was amplified [5' primer, GC-
CAAAAACCAACATGAAGC,; 3’ primer, TG-
GTTGTGGTGACCGTGTGC; 2 mM MgCl,; 35
cycles of 58°C (45 sec), 72°C (1.25 min), 94°C (1
min)]. Amplification products were electro-
phoresed on a low-melting agarose gel and purified
by Magic Prep columns (Promega Corp). DNA
samples were separately digested in a total volume
of 20 ml with 10 units of Accl and Bst71] for 2 hr
at 37°C (Accl) or 50°C (Bst711). Following diges-
tion with Bst711, proteinase K (10 mg/ml) was
added to remove excess Bst711. Aliquots (10-20
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TABLE 1. PCR Primers and Amplification Parameters

Fragment A (Effectively scans PrP nucleotides 270 to 448)

PCR Primers: “5A”: CTGGAGGCAACCGCTACCCA (PrP nucleotides 180 — 199); “3A”: TGTATGATGGGCCTGCTCAT

(PrP nucleotides 468 — 449)

PCR: Each 50 ml reaction contains 1 mg template DNA, 200 mM each dNTP, 0.25 unit Taq polymerase, 0.66 mg of each
primer, 2 mM MgCl,; 94°C, 1.0 min; 60°C, 0.5 min; 72°C, 1.25 min; 35 cycles

DGGE: Stacking gel: 6% polyacrylamide gel with 29:1 crosslinker; gradient gel: 9% polyacrylamide gel with 22:1 crosslinker;
gradient of 50 to 75% denaturant (100% denaturant = 40% formamide/7 M urea); buffer: 40 mM Tris-acetate/l mM EDTA,

pH 7.8; electrophorese at 14 mA, 65°C, for 18 hr
Fragment B (Effectively scans PrP nucleotides 440 to 787)

PCR Primers: “5A”: (sequence given above) “3B”: CCTTCCTCATCCCACTATCAGGAAGATGAG (PrP nucleotides 817 —

788)

PCR: Reaction conditions are the same as for fragment A; 94°C, 1.0 min; 60°C, 0.75 min; 72°C, 1.5 min; 35 cycles
DGGE: Stacking gel: 5% polyacrylamide gel with 29:1 crosslinker; gradient gel: 5% polyacrylamide gel with 29:1 crosslinker;
gradient of 40 to 75% denaturant (100% denaturant = 40% formamide/7 M urea); buffer as above; electrophorese at 28

mA, 60°C, for 16 hr

ml) of each sample were electrophoresed on 1.6%
agarose gels.

RESULTS

We used the MELT87 computer program (Ler-
man 1990) (Fig. 1C) to design a strategy in which
regions of the PrP coding sequence known to have
point mutations would be in the lowest melting
domain of an amplification fragment. Figure 2A
and B show that known PrP point mutations are
readily detectable by DGGE.

The sensitivity of this approach suggested that
novel mutations in these regions would be readily
detected. This prediction was confirmed by finding
unique DGGE polymorphisms in a control subject
and in a patient with Alzheimer’s disease (AD)
(Fig. 3A). The control subject was a male who
died at age 69 and had no evidence of AD or
spongiform degeneration at postmortem examina-
tion. Direct DNA sequencing revealed substitu-
tion of guanine (for adenine) at nucleotide 561 in
the control subject. This polymorphism creates a
Bst711 site (Fig. 3B) and predicts substitution of
serine for asparagine at codon 171 (AAC —
AGCQC). Whether the codon 1715 — Asp is a rare
but benign variant or potentially pathogenic is not
known. Direct DNA sequencing of the AD pa-
tient’s sample revealed substitution of adenine for
guanine at nucleotide 532. This polymorphism
creates an Accl site, deletes an Rsal site (Fig. 3B),
and does not change the valine at codon 161
(GTG — GTA).

In addition to detecting known and novel PrP
mutations, when used in conjunction with restric-
tion enzyme analysis, our method often can deter-
mine PrP haplotypes. Determination of PrP hap-
lotypes by DGGE is particularly useful in cases
where the mutation either does not change a re-

striction site or when the location of the novel
restriction site makes it difficult to detect the re-
sulting RFLP (such as in the case of codon 129 and
124 polymorphisms). Lanes 1, 2, 4, and 5 in Figure
2A illustrate how haplotypes may be deduced and
the effects of mutations on the relative location of
homoduplexes. Consider as controls samples in
Figure 2A, lanes 1 and 2 amplified from normal
subjects who were homozygous at codon 129Met/Met
(lane 1) and homozygous at codon 129V2V2! (lane
2). Lane 4 contains PrP amplified from a normal
subject heterozygous for a benign, single nucle-
otide change at codon 1174 — Ala (GCA —
GCG). Previously, digesting this patient’s sample
with Nspl indicated that the subject was heterozy-
gous at codon 129MVal| The ypper homoduplex
has the same mobility as the normal subject with
codon 129Me™et (lane 1), indicating that the sub-
ject’s normal allele (117°“*) encodes 129M<,
Knowing that the subject is heterozygous at both
codons 117(GCA — GCG) and 129M<Val indi.
cates that the other allele must encode 117°¢¢
and 129M¢', The haplotypes are deduced to be
11777 ™ (GCA), 129MY117VARIANT (GOG),
129¥. The lower (mutant) homoduplex focuses
slightly below that of the normal 129V*-contain-
ing homoduplex in lane 2 owing to the slightly
increased melting temperature conferred by the A
to G nucleotide substitution. This illustrates the
correlation between the nature of the polymor-
phism and the relative location of the mutant ho-
moduplex. G (or C) to A (or T) changes decrease
the melting temperature of the mutant homodu-
plex causing it to focus earlier (higher) in the gel.
The converse is true regarding A (or T) to G (or
C) changes. Lane 5 (Fig. 2A) contains material

from a GSS patient with a pathogenic double mu-
tation at codon 11794 = GTG (Ala=Vab 1 jke the
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GSS: 102Leu, 129Val/1g2Pro 12gVal
1176CG  129Val/{17GCA 129Met
GSS: 117676, 129Val/117GCA 12gMet
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FIGURE 2. Demonstration of PrP point mutations by DGGE
analysis. (A) DGGE of PrP Fragment A amplified from a
normal subjuct homozygous at codon 129™<™¢! (lane 1); a
normal subject homozygous at codon 129V2"Va! (lane 2); a
GSS patient heterozygous for a pathogenic mutation at
codon 102°“"* and a polymorphism at codon 129V2"Va!
(lane 3); a normal subject with a benign, single-nucleotide
change at codon 1176¢A~CGCS and heterozygosity at codon
129™etVal (Jane 4); a CJD patient heterozygous for a patho-
genic, double nucleotide mutation at codon 1176CA—GTG
(ala—val) and heterozygous for a benign polymorphism at
codon 129M<Val (1ape 5); a normal subject heterozygous for
a benign polymorphism at codon 129M¢*V2! (lane 6); a nor-
mal subject with a 24 base pair deletion who was also het-

sample in lane 4, this subject also has the patho-
genic codon 1179“? mutation on the same allele
containing the benign change at codon 129V%!. In
contrast to the downward displacement of
117999 129V (compared with 117974, 129V2l),
the double nucleotide substitution causes negligi-
ble displacement of the homoduplex since the two
substitutions have opposing affects on melting
temperature (C — T and A — G). Note, how-
ever, the separation of homoduplexes from hetero-
duplexes. Compared to homoduplexes, the hetero-
duplexes have greatly reduced melting temperature
because of the 2-base pair mismatch that forms

129Met/{2gMet
129Val/129val

CJD: 178Asn, 129Val/178Asp 129Val
CJD: 178Asn, 129Val/17gAsp 12gMet
GSS: 217719, 129Val/217Gin 12gMet
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Fragment B
erozygous at codon 129V4"Val (lane 7); a normal subject with
a 24 base pair deletion who was homozygous at codon
129Met’Met (Jane 8). (B) DGGE of PrP Fragment B amplified
from a normal subject homozygous at codon 129™*™<t ({ape
1); a normal subject homozygous at codon 129V2V2! (lane 2);
a familial CJD patient heterozygous at codon 178°°"As" who
was homozygous at codon 129V2"V2! (lane 3); a familial CJD
patient who was heterozygous at codon 178"PAs" and
heterozygous at codon 129M¢Va! (Jane 4); a GSS patient
heterozygous at codon 198°"*S¢* and homozygous at
codon 129V3'Vel (lape 5); a CJD patient heterozygous
at codon 200%™ (lane 6); a GSS patient heterozygous at
codon 2176"Are and heterozygous at codon 129MetVal
(lane 7).

when these mutant and normal alleles reanneal
(Fig. ZA, lanes 4 and 5).

As expected, the largest separation of homo-
and heteroduplexes occurred in samples with the
24-base pair deletion (Fig. 2A, lanes 8 and 9).
Since this deletion occurs in the octapeptide re-
peat tegion, heteroduplexes may form in 2 ways.
The deletion creates a 24-base pair mismatch that
may be placed either internally (creating a 24-base
pair loop) or at the 5" end (creating staggered ends
and a terminal region of nonhomology). Owing to
slight variations in this repeat region, however,
this latter structure creates 3 separate single-nucle-
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FIGURE 3. Detection of novel PrP point mutations. {A) DGGE
detection of novel polymorphisms in PrP coding sequence.
Control samples in lanes 1 and 2 are PrP (fragment B) am-
plified from a normal subject homozygous at codon 129M</
Met (lane 1) and a familial CJD patient heterozygous for a
benign polymorphism at codon 129MV?! and heterozygous
for a pathogenic mutation at codon 178P"A*" (lane 2). Sam-
ples with novel DGGE polymorphisms (lanes 3 and 4) are
from an Alzheimer’s patient homozygous at codon 129Met/Met
and heterozygous for a benign nucleotide polymorphism at
codon 1618TC—GTA (Val=Val) (1406 3); and a control subject
homozygous at codon 129V2VV4! and heterozygous at codon

otide mismatches (at nucleotides 277, 295, and
301). We feel that this latter heteroduplex with
staggered 5’ ends and 3 separate single-nucleotide
mismatches best explains the large difference in
melting profiles (and resulting gel separation) be-
tween hetero- and homoduplex species with the
24-base pair deletion.

DISCUSSION

DGGE is an extremely sensitive and efficient
method for screening large numbers of samples for
single nucleotide substitutions, small insertions,
and deletions. Principles of mutation detection by
DGGE are reviewed elsewhere (Meyers et al.,
1987).

Known PrP point mutations (reviewed in
Palmer and Collinge, 1993) occur between nucle-
otides 353 and 698, and are clearly evident in our
PrP amplification fragments. We have found two
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171AAC—AGC (Asp—Sen (1ane 4). (B) Restriction enzyme anal-
ysis of PrP amplification fragment B confirms the presence of
novel polymorphisms. PrP amplified from control subject
(Ctrl) (lanes 1 and 2) and Alzheimer’s patient (AD) with
codon 161 polymorphism (lanes 3 and 4) prior to (—) and
following ( +) digestion with Accl illustrate the creation of a
novel Accl site in the AD patient (lane 4). PrP amplified from
control subject (Ctrl) (lanes 6 and 7) and subject (Pt) with
codon 171 polymorphism (lanes 8 and 9) prior to (—) and
following (+) digestion with Bst71I illustrate the creation of
a novel Bst711 site in the lane 9. Lane 5 contains molecular
weight (MW) marker (123 bp ladder).

novel PrP point mutations using our method. This
experience predicts that DGGE analysis of PrP
fragments A and B can identify other, currently
unknown mutations in the region of the PrP gene
between nucleotides 270 and 787. With the use of
an alternate 3’ primer for fragment B (5" — 3"
GTGAAAACAGGAAGACCTTCCQC), it should
be possible to extend the “scannable” region to
include the remaining 19 base pairs in the 3’ end.
There are no known point mutations in nucle-
otides 1 through 270 of the PrP coding sequence
(the first 49 nucleotides of which are not trans-
lated). All known polymorphisms in this region
are either insertions of varying numbers of 24 nu-
cleotide repeats or a 24-base pair deletion and are
readily detectable by PCR and conventional gel
electrophoresis. Alternatively, temperature gradi-
ent gel electrophoresis (TGGE) (Riesner et al.,
1992) or single-strand conformation analysis
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(Orita et al., 1989) may be useful to analyze this
region.

It is possible that there are additional PrP mu-
tations, particularly in familial CJD patients. It is
not known whether familial CJD patients who
lacked PrP codon 102%" or 200™* mutations
{Goldgaber et al., 1989) had other PrP mutations
(such as codon 178" for instance) or entirely
normal PrP coding sequences. Finding PrP mu-
tations in such patients would confirm the diagno-
sis and help provide genetic counseling for rela-
tives at risk. The absence of PrP mutations in such
patients would raise the possibility that these pa-
tients with clinical and pathologic features similar
to familial CJD had genetically unrelated disorders
or that PrP involvement might be related to ab-
normal amounts of PrP (due to increased rates of
transcription, translation, increased mRNA stabil-
ity, or reduced PrP catabolism, for instance), or
even aberrant posttranslational modification of
PrP.

A PrP insertional mutation was found in a pa-
tient with familial ataxia and dementia character-
istic of GSS in whom there was no evidence of
spongiform degeneration (Collinge et al., 1990;
Poulter et al., 1992). Amyloid deposits in this pa-
tient were evident only with immunohistochemi-
cal staining (Poulter et al., 1992). Furthermore,
mutations in PrP codons 198" and 217" were
present in patients with dominantly inherited de-
mentia, ataxia, and parkinsonism whose postmor-
tem findings of senile plaques and neurofibrillary
tangles were similar in appearance (but not distri-
bution) to Alzheimer’s disease in contrast to
spongiform degeneration characteristic of GSS and
CJD (Dhouhy et al., 1992; Hsiao et al., 1992).
Using the parameters of disease transmissibility
(Brown et al., 1993) and immunologic detection
of PrP (Brown et al., 1993; Kitamoto et al., 1992),
Brown (1993) conclude that transmissible spongi-
form encephalopathies are quite rare and nor likely
to be misdiagnosed as other neurodegenerative dis-
orders. Nonetheless, we should consider the pos-
sibility that all disorders related to prion gene mu-
tations may not exhibit a uniformly high rate of
disease transmission to laboratory animals or a uni-
form neuropathologic pattern. The first category of
patients to be examined for novel PrP mutations
include familial C]D patients lacking known PrP
mutations as well as some patients diagnosed as
early-onset Alzheimer’s disecase. Some early-onset
familial AD patients, and particularly those with
cortical Lewy bodies, have clinical and pathologic
features similar to CJD including onset of symp-

toms in the third or fourth decade, subacute pro-
gressive dementia, myoclonus, and spongiform de-
generation (Feldman et al., 1963; Hansen et al.,
1990). Although previous efforts have failed to de-
tect PrP insertional mutations and point mutations
at codons 102", 117V and 200 in AD pa-
tients (Schellenburg et al., 1991), the possibility
of novel PrP mutations in patients with atypical
dementia has not been systematically evaluated.
The DGGE approach allows investigators to rap-
idly determine whether PrP mutations are present
in seemingly unrelated neurodegenerative disor-
ders, including progressive subcortical gliosis, pro-
gressive myoclonic epilepsy, olivopontocerebellar
atrophy, multisystem atrophy, progressive supranu-
clear palsy, and spinocerebellar degenerations.

Familial CJD and GSS seem to be useful models
for more common inherited neurodegenerative dis-
orders. Elucidating the central role of abnormal
PrP in GSS and familial CJD and creating an an-
imal model of GSS have advanced our knowledge
of mechanisms by which mutations can cause in-
herited brain disease. Defining the nature and ex-
tent of additional PrP mutations in patients with
disparate neurologic conditions will provide fur-
ther insight into the basis for regionally specific
neuronal degeneration in these conditions. Unrav-
eling this pathophysiologic cascade may give some
insight into potential mechanisms underlying the
more prevalent degenerative neurologic disorders
of unknown etiology.

ACKNOWLEDGMENTS

We are grateful to Dr. Leonard Lerman for the
use of MELT87 and SQHTX computer programs
and to Ms. Lynette Girbach for expert secretarial
assistance. This work was supported by grants from
the Lucille P. Markey Charitable Trusts (to the
University of Michigan Department of Neurol-
ogy), Michigan Alzheimer’s Disease Research
Center, University of Michigan Geriatrics Center,
Michigan Memorial Phoenix Fund, Laboratory for
Education and Research in the Neurosciences,
University of Michigan Horace Rackham Gradu-
ate School, Alzheimer’s Disease and Related Dis-
orders Association, Inc., and NIH/1R01AG106-
91-01A1 (to J.K.F), and NIA Leadership and
Excellence in Alzheimer’s Disease (L.E.A.D.)
Awards (to A.D.R. and S.B.P.).

REFERENCES

Baker HE, Poulter M, Crow TJ, Frith C, Lofthouse R, Ridley R
(1991) Amino acid polymorphism in human prion protein and
age at death in inherited prion disease [Letter]. Lancer 337:
1286.



Beck E, Daniel PM (1987) Neuropathology of slow transmissible
encephalopathies. In Prusiner SB, McKinley MP (eds) Pri-
ons—Novel Infectious Pathogens Causing Scrapie and
Creutzfeldt-Jakob Disease. Orlando: Academic Press, pp 331-
385.

Brown P, Cathala F, Raubertas RF, Gajdusek DC, Castaigne P
(1987) The epidemiology of Creutzfeldt-Jakob disease. Neurol-
ogy 37:895-904.

Brown P, Gajdusek DC (1991) The human spongiform encephal-
opathies: Kuru, Creutzfeldt-Jakob disease, and the Gerstmann-
Strissler-Scheinker syndrome. Current Topics Microbiol Im-

munol 172:1-20.

Brown P, Kaur P, Sulima MP, Goldfarb LG, Gibbs C] Jr, Gajdusek
DC (1993) Real and imagined clinicopathological limits of
“prion dementia.” Lancet 341:127-129.

Collinge ], Owen F, Poulter M, Leach M, Crow TJ, Rossor MN,
Hardy ], Mullan M], Janota I, Lantos PL (1990) Prion demen-
tia without characteristic pathology. Lancet 336:7-9.

Collinge ], Poulter M, Davis MB, Baraitser M, Owen F, Crow TJ,
Harding AE (1991) Presymptomatic detection or exclusion of
prion protein gene defects in families with inherited prion dis-
eases. Am ] Hum Gen 49:1351-1354.

Dhouhy SR, Hsiao K, Farlow MR, Fouroud T, Conneally PM,
Johnson P, Pusiner SB, Hodes ME, Ghetti B (1992) Linkage of
the Indiana kindred of Gerstmann-Striussler-Scheinker disease
to the prion protein gene. Nat Genet 1:64-67.

Doh-ura K, Tateishi J, Sasaki H, Kitamoto T, Sakaki Y (1989)
Pro-leu change at position 102 of a prion protein is the most
common but not the sole muration related to Gerstrann-

Striussler syndrome. Biochem Biophys Res Commun 163:974 -
979.

Duffy P, Wolf ], Collins G, DeVoe AG, Streenten B, Cowden D
(1974) Possible person-to-person transmission of Creutzfeldt-
Jakob disease. N Engl ] Med 290:692-693.

Feldman RG, Chandler KA, Levy LL, Glaser GH (1963) Familial
Alzheimer’s disease. Neurology 13:811-824.

Fink JK, Warren JT Jr, Drury [, Peacock ML (1991) Allele-specific
sequencing confirms novel prion gene polymorphism in
Creutzfelde-Jakob Disease. Neurology 41:1647-1650.

Fischer SG, Lerman LS (1983) DNA fragments differing by single
base-pair substitutions are separated in denarturing gradient
gels: correspondence with melting theory. Proc Natl Acad Sci
USA 80:1579-1583.

Gerstmann J, Striussler E, Scheinker 1 (1936) Uber eine eigenar-
tige hereditir-familisire erkrinkung des zentralnervensystems
zugleich ein beitrag zur frage des vorzeitigen lokalen alterns. Z.

Neurol. 154, 736-762.

Goldfarb L, Brown P, Goldgaber, D, Asher DM, Rubenstein R,
Brown WT, Piccardo P, Kascsak R}, Boellaard JW, Gajdusek
DC (1990) Creutzfeldt-Jakob disease and Kuru patients lack a

mutation consistently found in the Gerstmann-Striussler-
Scheinker syndrome. Exp Neurol 108:247-250.

Goldfarb L, Peterson R, Tabaton M, Brown P, LeBlanc AC, Mon-
tagna P, Cortelli P, Julien J, Vital C, Pendelbury WW, Haltia
M, Wills PR, Hauw }J, McKeever PE, Monari L, Schrank B,
Swergold GD, Autilio-Gambetti L, Gajdusek DC, Lugaresi E,
Gambetti P (1992) Fatal familial insomnia and familial
Creutzfeldt-Jakob disease: Disease phenotype determined by a
DNA polymorphism. Science 258:806-807.

Goldgaber D, Goldfarb LG, Brown P, Asher DM, Brown WT,
Lin S, Teener JW, Feinstone S, Rubenstein R, Kascsak R],
Boellaard JW, Gajdusek DC (1989) Mutations in fami-
lial Creutzfeldt-Jakob disease and Gerstmann-Striussler-
Scheinker’s syndrome. Exp Neurol 106:204-206.

Hansen L, Salmon D, Galasko D, Masliah E, Katzman R, DeTer-
esa R, Thal L, Pay M, Hofstetter R, Klauber M, et al (1990)

PRION PROTEIN GENE MUTATIONS 19

The Lewy body variant of Alzheimer’s disease. Neurology 40:
1-8.

Hsiao K, Baker HF, Crow TJ, Poulter M, Owen F, Terwilliger JD,
Westaway D, Ott ], Prusiner SB (1989) Linkage of a prion
protein missense variant to Gerstmann-Striussler syndrome.

Nature 338:342-345.

Hsiao KK, Scott M, Foster D, Groth DF, Dearmond S}, Prusiner
SB (1990) Spontaneous neurodegeneration in transgenic mice
with mutant prion protein. Science 250:1587-1590.

Hsiao K, Prusiner SB {1990) Inherited human prion diseases. Neu-
rology 40:1820-1827.

Hsiao K, Dhouhy SR, Farlow MR, Cass C, Da Costa M, Con-
neally PM, Hodes ME, Ghetti B, Prusiner SB (1992) Mutant
prion proteins in Gerstmann-Striissler-Scheinker disease with
neurofibrillary tangles. Nat Gen 1:68—-71.

Kitamoto T, Tateishi J, Tashima I, Barry RA, DeArmond SJ,
Prusiner SB (1986) Amyloid plaques in Creutzfeldt-Jakob dis-
ease stain with prion protein antibodies. Ann Neurol 20:204—

208.

Kitamoto T, Amano N, Terao Y, Nakazato T, Isshiki T, Mizutani
T, Tateishi ] (1993) A new inherited prion disease (PrP-P105L

mutation) showing spastic paraparesis. Ann Neurol 34:808—
813.

Kitamoto T, Shin R-W, Doh-ura K, Tomokane N, Miyazono M,
Muramoto T, Tateishi ] (1992) Abnormal isoform of prion
proteins accumulates in the synaptic structures of the central
nervous system in patients with Creutzfeldt-Jakob disease. Am

] Pathol 140:1285-1294.

Kretzschmar H, Stowring L, Westaway D, Stubblebine WH,
Prusiner SB, DeArmond SJ (1986) Molecular cloning of a hu-
man prion protein cDNA. DNA 5:315-324.

Laplanche J-L, Chatelain ], Launay J-M (1990) Deletion in prion
protein gene in a Moroccan family. Nucl Acids Res 18:6745.

Lerman L (1990) MELT87 and SQHTX computer programs (per-
sonal communication).

Lugaresi E, Medori R, Monragna P, Baruzzi A, Cortelli P, Lugaresi
A, Tinuper P, Zucconi M, Gambetti P (1986) Fatal familial
insomnia and dysautonomia with selective degeneration of tha-
lamic nuclei. N Engl ] Med 315:997-1003.

Masters CL, Gajdusek DC, Gibbs CJ Jr. (1981) Creutzfeldt-Jakob
disease virus isolations from the Gerstmann-Striussler syn-

drome. Brain 104:559-588.

Masters C, Harris J, Gajdusek DC, Gibbs CJ Jr, Bernouli C, Asher
DM (1979) Creutzfeldt-Jakob disease: patterns of worldwide
occurrence and the significance of familial sporadic clustering.
Ann Neurol 5:177-188.

Medori R, Montagna P, Tritschler HJ, LeBlanc A, Cortelli P,
Tinuper P, Lugaresi E, Gambetti P (1992) Fatal familial in-
somnia: a second kindred with mutation of prion protein gene
at codon 178. Neurology 42:669-670.

Myers RM, Maniatis T, Lerman LS (1987) Detection and local-
ization of single base changes by denaturing gradient gel elec-
trophoresis. Methods Enzymol. 155:501-527.

Nieto A, Goldfarb LG, Brown P, McCombie W, Trapp S, Asher
D, Gajdusek D (1991) Codon 178 mutation in ethnically di-
verse Creutzfeldt-Jakob disease families [Letter]. Lancet 337:
622-633.

Orita M, lwahana H, Kanazawa H, Hayashi K, Sekiya T (1989)
Detection of polymorphisms of human DNA. by gel electro-
phoresis as single-strand conformation polymorphisms. Proc

Natl Acad Sci USA 86:2766-2770.

Owen F, Poulter M, Collinge J, Leach M, Lofthouse R, Crow TJ,
Harding AE (1992) A dementing illness associated with a
novel insertion in the prion protein gene. Mol Brain Res 13:

155-157.



50 FINK ET AL.

Owen F, Poulter M, Lofthouse R, Collinge, Crow TJ, Risby D,
Baker HF, Ridley RM, Hsiao K, Prusiner SB (1989) Insertion
in prion protein gene in familial Creutzfeldt-Jakob discase.
Lancet 333:51-52.

Palmer MS, Collinge ] (1993) Mutations and polymorphisms in
the prion protein gene. Hum Mutat 2:168-173.

Palmer MS, Dryden A]J, Hughes ]JT, Collinge ] (1991) Homozy-
gous prion protein genotype predisposes to sporadic

Creutzfeldt-Jakob disease. Nature 25:352(6333):340-342.
Peacock M, Warren JT Jr, Roses AD, Fink JK (1992) Novel poly-

morphism in A4-region of amyloid precursor protein gene
without Alzheimer’s disease. Neurology (in press).

Petersen RB, Tabaton M, Berg L, Schrank B, Torack RM, Leal S,
Julien ], Vital C, Deleplanque B, Pendlebury WW, Drachman
D, Smith TW, Martin JJ, Oda M, Montaga P, Ott ], Autilio-
Gambetti L, Lugaresi E, Gambetti P (1992) Analysis of the
prion protein gene in thalamic dementia. Neurology 42:1859—
1863.

Poulter M, Baker HF, Frith CD, Leach M, Lofthouse R, Ridley
RM, Shah T, Owen F, Collinge ], et al (1992) Inherited prion
disease with 144 base pair gene insertion. Brain 115:675-685.

Prusiner SB (1991) Molecular biology of prion diseases. Science
252:1515-1522.

Prusiner SB (1987} Prions and neurodegenerative diseases. N Engl

J Med 317:1571-1581.

Prusiner SB (1982) Novel proteinaceous infectious particles cause
scrapie. Science 126:136-144.

Reisner D, Steger G, Wiese U, Wulfert M, Heibey M, Henco K
(1992) Temperature-gradient gel electrophoresis for the detec-
tion of polymorphic DNA and for quantitative polymerase
chain reaction. Electrophoresis 13:632-636.

Roos R, Gajdusek DC, Gibbs CJ Jr. (1973) The clinical charac-
teristics of transmissible Creutzfeldt-]Jakob disease. Brain 96:1—
20.

Schellenberg GD, Anderson L, O'Dahl S, Wisjman EM, Sa-
dovnick AD, Ball MJ, Larson EB, Kukull WA, Martin GM,
Roses AD (1991) APP. 5, APPg,;, and PRIP gene mutations
are rare in Alzheimer disease. Am ] Hum Gen 49:511-517.

Sheffield VC, Cox DR, Lerman LS, Myers RM (1989) Attach-
ment of a 40-base-pair G+ C-rich sequence (GC-clamp) to
genomic DNA fragments by the polymerase chain reaction
results in improved detection of single-base changes. Proc Natl

Acad Sci USA 86:232-236.

Sparkes RS, Simon M, Cohn VH, Fournier REK, Lem ], Klisak I,
Heinzmann C, Blatt C, Lucero M, Mohandas T, DeArmond
S], Westaway D, Prusiner SB, Weiner LP (1986) Assignment
of the human and mouse prion protein genes to homologous

chromosomes. Proc Natl Acad Sci USA 83:7358-7362.

Speer MC, Goldgaber D, Goldfarb LG, Roses AD, Pericak-Vance
MA (1991) Support of linkage of Gerstmann-Striaussler-
Scheinker syndrome to the prior protein gene on chromosome
20p12-pter. Genomics 9:366-368.

Tinter R, Brown P, Hedley-Whyte, T. Rappaport B, Picardo CP,
Gajdusek DC  (1986) Neuropathologic  verification of
Creutzfeldt-Jakob disease in the exhumed American recipient
of human growth hormone: Epidemiologic and pathogenetic
implications. Neurology 36:932—-6.

Vnencak-Jones CL, Phillips Il JA (1992) Identification of heter-
ogeneous PrP gene deletions in controls by detection of allele-
specific heteroduplexes (DASH). Am ] Hum Gen 50:871-872.

WuY, Brown T, Robakis NK, Dobkin C, Devine-Gage E, Merz P,
Wisniewski HM (1987) A Pvull RFLP detected in the human
prion protein (PrP) gene. Nucl Acids Res 15:3191.



